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You could not step twice in the same rivers; for other and yet other waters are ever flowing on. 
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Major Earth system perturbations in the deep past and today are recorded in sulfate sulfur 
and oxygen isotopes, as examined here in three cases. 
(1) Sedimentary sulfate record of the “Marinoan Oxygen-17 Depletion” (MOSD) event, 
implies ultra-high CO2 atmosphere at ~635 Ma after global glaciation. MOSD duration is 
constrained by correlating its most complete record to radiometric dates. Barium sulfate layers in 
South China sediments show the MOSD in lower layers but persistently absent up section. 
Carbon-13 correlation locates the MOSD within dated intervals from other sites, yielding a 0 - 
0.99 Myr duration. Thus, sedimentary constraint on this non-steady-state Earth system response 
can underpin future work such as models. 
(2) Pristine natural baselines of riverine sulfate flux and sulfur-34 isotope composition 
(δ34S) cannot be directly measured, thus leaving anthropogenic impact unconstrained. Exhaustive 
source compilation and multi-year monitoring of the Mississippi River is used to quantify its 
natural and anthropogenic sulfate flux and δ34S. We show that, since before industrialization to 
the present, Mississippi River SO42− has increased in flux from 8 to 28 Tg SO42− yr−1, and in δ34S 
from −11 to −3‰, reflecting an impressive anthropogenic and bedrock footprint.  
(3) Long-term heavy anthropogenic secondary atmospheric sulfate (SAS) deposition 
promotes acidification. Decade-long delay in riverine sulfate response because of SAS soil 
retention complicates assessments of direct SAS contribution. Higher direct SAS, as we expect 
in China versus the United States, should appear as higher river sulfate oxygen-17 isotope 
composition (Δ17O) because SAS has Δ17O > 0‰, while all other sources have Δ17O ≤ 0‰. Our 
two years of monitoring show that Yangtze and Mississippi mean riverine sulfate Δ17O are −0.09 
±0.05‰ and −0.15 ±0.05‰, respectively, with p < 0.0006. The calculated direct SAS component 
 ix 
in the Yangtze and Mississippi is 11 ±9% and 3%, respectively. Sulfate Δ17O is affirmed as 










SEDIMENTARY CONSTRAINTS ON THE DURATION OF THE 
MARINOAN OXYGEN-17 DEPLETION (MOSD) EVENT* 
 
1.1 Introduction 
 The Marinoan glaciation (~635 Ma) may be the most extreme glacial period in Earth 
history with a widespread occurrence of glacial sediments at low paleolatitudes near the tropics.1 
The core idea of the original “snowball” Earth hypothesis, which was developed to explain this 
glacial record, is the buildup of atmospheric CO2 to bring the Earth out of an indefinite deep 
freeze.2 This idea has been expanded,3-5 undergone debate,1, 6 and driven new modeling work.7-14 
Thanks to well-preserved sedimentary records,15, 16 and decent geochronological controls,17-19 
many of the theories pertaining to the Marinoan glaciation can be tested.  
 The most unusual evidence that is consistent with a “snowball” Earth hypothesis is the 
non-mass-dependently 17O-depleted sulfate (SO42-) in barite (BaSO4) deposited in the post-
Marinoan dolostones in South China and western Africa,20, 21 in carbonate-associated sulfate 
(CAS) in carbonate lenses within diamictites in Svalbard,22 and in CAS of cap dolostones in the 
Kimberley region, Western Australia.23 A probable cause of the anomalously 17O-depleted 
sulfate (a nadir of Δ17O = −1.64 ‰,22 with Δ17O ≡ ln(δ17O+1) − 0.52ln(δ18O+1)) is suggested to 
be an ultra-high pCO2 atmosphere. Chapman reactions in the stratosphere,24 under extremely 
high pCO2 (with other conditions unchanged), could result in a large reservoir of 17O being 
transferred to CO2 while leaving atmospheric O2 extremely depleted in 17O.20 Here we refer to 
this unusual atmospheric O2 isotope state as the Marinoan Oxygen-17 Depletion (MOSD) event. 
Sulfate derived from oxidative weathering of sulfide minerals inherits an atmospheric O2 signal, 
                                                
* This chapter [1] previously appeared as [Killingsworth, B. A.; Hayles, J. A.; Zhou, C.; Bao, H., Sedimentary 
constraints on the duration of the Marinoan Oxygen-17 Depletion (MOSD) event. Proc Natl Acad Sci U S A 2013, 
110, (44), 17686-90.]. It is reprinted under PNAS author license, with which author retains rights for use of all 
content. 
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with a variable portion (0 to 50%) of the product sulfate oxygen sourced from O2 and the rest 
from ambient water.20, 25, 26 Thus, when atmospheric O2 has a Δ17O value more negative than 
−1.00 ‰, we can expect sulfate derived from oxidative weathering to bear a Δ17O value more 
negative than −0.30 ‰ (i.e. distinct 17O depletion). By comparison under modern pCO2 
conditions, a Δ17O at −0.26 ‰ for tropospheric O2,27 is matched by a Δ17O at −0.10 to –0.20 ‰ 
for sulfate of oxidative weathering origin.20 The anomalously depleted 17O of sulfate is the 
expression of the MOSD as it is recorded in post-Marinoan or basal Ediacaran sediments. 
 A global occurrence of 17O-depleted sulfate within post-Marinoan sedimentary sequences 
has been established by our recent findings in South China, western Africa, Svalbard, and 
Western Australia.20-23 This is consistent with an event of atmospheric origin. In fact, the 17O-
depleted sulfate can be confidently used as a marker for a global synchronous event. However, 
while the anomalous sulfate occurs in one or two layers of barite or in several horizons of 
dolostones, in all cases, it occurs only in limited intervals in the post-glacial sediments. Viewed 
on the scale of geologic time, the MOSD is a transient event, and when looked at closely, the 
MOSD event has a finite duration. This suggests that there was a limited window of time when 
the post-glacial Earth surface conditions were favorable for atmospheric O2 to possess distinct 
17O depletion. 
 Exactly how long the MOSD event lasted is of paramount importance to understanding 
and modeling the Earth system in response to extreme perturbations. If the “snowball” 
hypothesis offers a viable explanation for the observed sulfate 17O depletion, then, in the 
immediate aftermath of the Marinoan meltdown, ultra-high pCO2 was being drawn down, pO2 
was rising, and biosphere CO2-O2 fluxes were evolving due to photosynthesis, respiration, and 
organic burial in response to tectonics, climate, sediment supply, and numerous feedbacks. The 
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Δ17O value of atmospheric O2 and the duration of the MOSD are the results of dynamic interplay 
between these variables.  
 Currently, modeling exercises on all the aforementioned variables are too open and 
unconstrained to be informative. While certain constraints can be placed on some of these 
variables, we believe that the first one that should be, and can be, constrained is the duration of 
the MOSD event. Once a general number of the duration is given, modeling work can put further 
constraints on the rates of pCO2 drawdown, pO2 rise, and biological fluxes at this critical Earth 
system transition.  
 Constraining the duration of MOSD using sedimentary records faces two main issues, (1) 
incomplete occurrence of minerals or host rocks that bear 17O-depleted sulfate, and (2) the lack 
of radiometric dates at the same sites where 17O-depleted sulfate occurs. The presence of sulfate 
17O depletion attests to the MOSD event. However, the absence of sulfate 17O depletion does not 
necessarily mean that the MOSD event has ended. This can be attributed to (1) a lack of a 
suitable sulfate mineral (e.g. barite) to record Δ17O, (2) incomplete mineral preservation (e.g. 
lack of sedimentation or erosion), (3) mix of 17O-normal SO42- seawater, and (4) erasing of 
anomalous 17O signals by microbial sulfur cycling processes. Only when sedimentary sulfate 
remains consistently 17O-normal can we conclude that atmospheric O2 no longer had a Δ17O 
value more negative than −1‰. Therefore, to resolve the first issue of durational constraint, we 
must locate a sedimentary sequence with the most barite layers in order to confidently pin down 
the first and the last appearance of the 17O depletion signal in a post-glacial sedimentary 
sequence. The establishment of such a reference sequence is analogous to the effort of defining a 
Global Boundary Stratotype Section and Point (GSSP). To resolve the second issue of 
geochronology, we can use carbon isotope chemostratigraphy, for example δ13C of dolostones, in 
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combination with regional shift in sedimentation, for example from dolostones to shales, to 
stratigraphically correlate the reference section to proximal sections where radiometric dates are 
available. 
 In a recent field campaign we have located such a reference sequence. Here we report 
sulfate Δ17O data from the Wushanhu section in the South China Block where 11 layers of barite 
occur within 1 meter of a post-glacial dolostone sequence. By correlating sedimentary packages 
and δ13C data, we are able to extrapolate the stratigraphic positions of U-Pb dated layers in two 
sections, which are nearby to the Wushanhu section, and to offer the first quantitative estimate of 
the duration of the MOSD event.  
1.2 The Wushanhu section: A barite reference sequence  
 The sampled section at Wushanhu, Hubei Province, China (31° 41.74’ N, 110° 47.20’ E) 
(Fig. 1.1) is a well-exposed, post-Marinoan or basal Ediacaran sedimentary sequence that 
overlies the Nantuo Formation diamictite (Fig. 1.2). This basal Doushantuo Formation consists 
of 0.30 m of cap dolostones (defined as the dolostone package below the first layer of barite28), 
0.88 m of micritic dolostones, and topped by phosphorite-bearing shales. The cap dolostones 
have a disrupted and karstified appearance, contain cavity fillings of isopachous dolomitized 
aragonite fans and quartz spar, and lack barite. The 0.88 m dolostones overlying the cap 
dolostones host 11 identified barite layers (B1…B11) (Figs. 1.2 and 1.3). The lowest barite layer 
B1 consists of ~2 cm in height radiating bladed barite crystal fans, consistent with the basal 
Ediacaran barite occurrence observed in other shallow-platform sections in South China. All the 
11 discretely occurring barite layers are within the 0.6 m interval above the cap dolostones. 
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Figure 1.1. Map with location shown of the field site from this study 
at Wushanhu, Hubei Province, China and the sections at Wuhe and 
Jijiawan that were used for U-Pb radiometric dates. Inset map key 
refers to zones of Neoproterozoic (~635 Ma) paleo-bathymetry. The 
China map is in the public domain, and modified from 
http://commons.wikimedia.org/wiki/File:China_blank_map.svg - file. 
The South China map and key are modified from Condon et al., 
2005.18
Figure 1.2. The post-Marinoan or basal Ediacaran stratigraphic sequence at Wushanhu, Hubei 
Province, China: (1) The Nantuo diamictite, (2) the basal Doushantuo dolostone, and (3) the first 
unit of the Doushantuo shale. The occurrence and 17O-anomaly (Δ17O‰) of barite, and the δ13C 
(‰VPDB) of the dolostones are displayed by height above base of the dolostones. Stratigraphic 
interval of the Marinoan Oxygen-17 Depletion (MOSD) event is denoted. 
 





































Figure 1.3. Photomicrographs of barite layers in thin sections under plane polarized light. The 
layers, features, and fields of view are (a) B1, soft sediment deformation cross-cutting barite 
crystal fans, 3mm; (b) B1, stromatolitic or dewatering features in intimate occurrence with barite, 
3 mm; (c) B3, disrupted barite layer and laminations, 12 mm; (d) B6, layers of barite micro-
crystals in dolomite matrix, 8 mm; (e) B9, chaotically arranged barite crystal layers bounded by 
mud above and below, 4 mm; and (f) B11, densely packed sheaves of radiating barite crystals, 12 
mm.  
 
Dolostones continue above the last barite layers for 0.25 m before being overlain by shales (Fig. 
1.2). Overall, due to the shallow depositional setting, the basal Ediacaran sediments in the 
Wushanhu section are much more condensed than most in South China. Probably for this same 
reason, Wushanhu hosts the greatest number of discrete barite layers in comparison to equivalent 
sequences in South China.  
 The syn-depositional origin of the barite fans in the basal Doushantuo Formation, an 
important pre-condition for their use as a record of a temporal event, has been recognized in 
earlier studies.21, 28 The following petrographic and sedimentological features in the Wushanhu 




bands in layers B1 and B2 (Fig. 1.3.a,b); (2) Macroscopic crystal growth follows dolostone 
lamination (Fig. 1.3.a,c); (3) Different barite layers do not connect via fractures; and (4) Rich 
variety of barite morphology can occur in a single small hand specimen (Fig. 1.3.a-f).  
1.3 Stable isotope results 
 Isotope parameters analyzed for the Wushanhu section include barite Δ17O, δ18O, and 
δ34S and dolostone δ13C and δ18O (Table A1 and A2 in the appendix). Due to the marginal 
relevance to the objective of this study, barite δ18O and δ34S and dolostone δ18O are not discussed 
further here. The magnitude of the 17O depletion (Δ17Obarite) initially increases with increasing 
stratigraphic levels but decreases to a non-distinct level (−0.09‰) 6 cm above the top of the cap 
dolostone (sensu stricto28) or the first barite layer. The magnitude again increases further up until 
it reaches −0.70‰ (sample B7) at 30 cm above the first layer. Further up in stratigraphic level, 
none of the 4 layers of barite (B8 to B11) including a small barite mass between B8 and B9 show 
any distinct 17O depletion with Δ17O values ranging from −0.15‰ to −0.04‰. The Δ17Obarite 
from crystals within the dolomite matrix, not in discrete layers, was obtained from between 
layers B2 and B3 and between layers B7 and B8 with results of −0.09‰ and −0.08‰, 
respectively (Fig. 1.2).  
 Dolostone δ13C (‰VPDB) (Fig. 1.2) begins with a negative value of −1.6‰, decreases to 
a low of −2.8‰ just below barite layer B3 (8 cm above the first layer of barite), then increases to 
positive values, maintained at ~2.7‰ in the upper half of the dolostone sequence. All stable 
isotope data and their corresponding stratigraphic levels are tabulated in Appendix A. 
1.4 Estimation of the MOSD duration 
 In order to estimate the duration of the MOSD, an unusual atmospheric event, the first 
step is to establish with maximum confidence that sulfate 17O depletion closely registers the 
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MOSD within a well-defined stratigraphic interval. At Wushanhu distinct sulfate 17O depletion 
begins at 0.31 m above the base of the dolostone (i.e. above the top of diamicitite) within the top 
of B1 barite fans (Fig. 1.2). However, the MOSD stratigraphic interval end might easily be 
misidentified at 0.36 m (B3 in Fig. 1.2) due to lack of distinct sulfate 17O depletion at that 
horizon. Undersampling can also result in misidentification. Had we not sampled B6 and B7, for 
example, we would have determined that the 17O-depleted signal disappeared at 0.36 m above 
the top of the Nantuo diamictite. However, as a consequence of the many barite layers at 
Wushanhu, we can confidently conclude that MOSD event existed through the dolostone 
depositional interval of 0.31 m to 0.58 m (B1 to B7) and the lack of distinct sulfate 17O depletion 
in between could be due to sulfate mixing, microbial reprocessing, and many other factors that 
resulted in no record of the anomaly. The underlying hypothesis is of course that the MOSD 
event had occurred only once and not twice at the aftermath of the Marinoan meltdown. 
Although it is not absolute proof, the persistent absence of distinct 17O depletion in the four 
upper barite layers (B8 to B11), including barite occurring between layers (i.e. between B7 to 
B8, and B8 to B9), suggests that atmospheric O2 was no longer distinctly depleted in 17O. 
Therefore, the MOSD interval is at 0.31 m to somewhere between 0.58 m and 0.68 m above the 
top of the diamictite at Wushanhu, a total of ~ 0.3 m. 
 With the MOSD interval being positioned at the Wushanhu section, we need to correlate 
this interval to a proximal section that has radiometric dates so that the duration can be 
estimated. To do the correlation, we need a reproducible δ13C profile that is shared by shallow 
platform post-glacial sedimentary sequences in the region. At Wushanhu, the δ13C of the 
dolostones turns to more negative values before it turns to positive at 0.43 m above the base of 
the dolostones (Fig. 1.2). This δ13C trend is well reproduced in most of the published δ13C 
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profiles in the Yangtze Gorges area in South China.29 Specifically, the Wushanhu δ13C curve is 
similar to those of the two Yangtze-Gorges sections (approximately 150 km south of Wushanhu), 
the Jijiawan (Jiuqunao) and the Wuhe-Gaojiaxi (Fig. 1.1), where radiometric dates are 
available.18 The similarity in the δ13C trend also suggests that despite an apparently condensed 
section at Wushanhu, no major sedimentary hiatus had occurred. This offers us great confidence 
to correlate horizons among sections where the MOSD record and radiometric dates are not 
simultaneously available (Fig. 1.4).   
 
 
Figure 1.4. Carbon isotope chemostratrigraphy, MOSD event stratigraphic interval, and 
correlation of radiometric age for three shallow platform, post-Marinoan sections in the Yangtze 
Gorges area, South China Block. Stratigraphic sequence from the bottom up are the Nantuo 
diamictite (blue or medium grey), the basal Doushantuo dolostone sequence with the lower 
portion being the “cap dolostone” (sensu stricto28) (pink or light grey), and shale (brown or dark 
grey). Stratigraphic heights above the Nantuo diamictite are given in meters (scales next to 
columns), and thickness of dolostones above and below the lower radiometric date are also 
shown in meters (bolded numbers within the section columns). Jijiawan upper and Wuhe-
Gaojiaxi lower absolute ages are from.18 Carbon isotope data are given for Wushanhu (this 
study), Jijiawan,30 and Wuhe-Gaojiaxi.31 The MOSD position is marked within the dolostone 









































 The two U-Pb absolute ages of 635.2 ± 0.6 Ma and 632.5 ± 0.5 Ma do not occur in the 
same section. At Wuhe-Gaojiaxi the 635.2 Ma U-Pb age comes from a tuff bed in the post-
glacial dolostones at 2.3 m above the top of diamictite on the outcrop.18 Dolostone δ13C data  
comes from a drill core in a thicker portion of that same section.31 At Jijiawan the 632.5 Ma age 
comes from a tuff bed in the shale unit at 5.0 m above the top of the 4.5 m thick post-glacial 
dolostones. Here the dolostone δ13C data comes from the same section30 (Fig. 1.4).  
 With this information, we now can estimate the MOSD duration at Wushanhu where it is 
represented by the 0.3 m thick dolostone interval (Figs. 1.2 & 1.4). Using the δ13C curve alone, 
we match the 635.2 at Wuhe-Gaojiaxi at 0.30 m above the diamictite at Wushanhu. This is the 
horizon right at the top of the cap dolostone (sensu stricto28). It is also where the lowest of the 
many 17O-depleted barite layers, or the onset of the MOSD, occurs at the Wushanhu section. 
Pinning the younger date of 632.5 from Jijiawan to Wushanhu or the 0.3 m MOSD interval at 
Wushanhu to certain interval of dolostones at Jijiawan is achieved through the following scheme. 
(1) The δ13C curves put the onset of the MOSD, the 635.2 Ma, at 3.0 m above the base of the 
total 4.5 m thick dolostones at Jijiawan. (2) Assuming an equal deposition rate for the dolostones 
and the shales, the upper 1.5 m dolostones at Jijiawan represent a time interval of 0.623 ± 0.781 
Myrs. (3) This upper 1.5 m dolostones at Jijiawan is equivalent to the 0.9 m dolostones above the 
first layers of barite at Wushanhu. Since only 0.3 m of the 0.9 m dolostones at Wushanhu 
represents the MOSD interval, by proportioning, we have an estimated number of 0.208 ±0.781 
or 0 – 0.99 Myr for the MOSD duration (Figs. 1.2 & 1.4). 
1.5 Discussion 
 There are uncertainties associated with our MOSD duration estimate. First, it is in the 
difficulty of determining the first and the last appearances of sulfate 17O depletion in sedimentary 
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records. The discovery of the Wushanhu section has helped us narrow this uncertainty, as 
described previously. Second, the assumption of equal dolostone and shale sedimentation rates is 
rather conservative. Typically, dolostones are expected to precipitate rapidly after the 
deglaciation compared to the later deposition of shales. For example, if dolostones deposited 5 
times faster than the phosphorite-bearing shales, our estimated duration would be 0.051 ±0.781 
or 0 – 0.83 Myr. It is clear, from these two very different assumptions on the relative rate of 
shale and dolostone deposition, that this does not make a huge difference in the final estimate of 
the MOSD duration. The main uncertainty comes from the uncertainties (± 0.781 Myr) 
associated with the two U-Pb dates.  
 Global stratigraphic correlation of post-Marinoan or basal Ediacaran dolostone sequences 
reveals a general upward negative, then positive, excursion,32 which is a pattern similar to what 
is observed in the shallow settings of the South China Block. It is, therefore, feasible to further 
constrain the duration of the MOSD if future U-Pb dates are tied to their respective δ13C curves, 
regardless of where the basal Ediacaran section is located. For example, in the post-Marinoan 
dolostone sequence in Mauritania, SW Africa, distinct 17O depletion has been observed in barite, 
and a δ13C curve with characteristic negative, then positive excursion has also been observed.33 
As the sulfate 17O record is expanded and more accurate radiometric age controls are available 
worldwide, the uncertainties on MOSD duration estimate can be reduced. 
 The less than 1 Myr of the MOSD duration, as we estimated based on records and dates 
from South China, is consistent with the time it may take for ultra-high pCO2 (400 times of 
present atmospheric level) to be drawn down to a moderate level or presumed background 
Neoproterozoic levels at the aftermath of a “snowball” meltdown. The exact duration is 
dependent on different scenarios as shown by a modeling study.7 There is a lot of room for 
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speculation on the initial condition of the atmosphere at the onset of the meltdown. It could be 
extremely high in pCO2 but extremely low or even devoid of O2. The rate of O2 flux into the 
atmosphere could be increasing dramatically while its steady-state value may be controlled by 
the rate of organic burial, which is linked to rate of sedimentation as well as pO2. Eventually, the 
pCO2, pO2, and biological CO2 and O2 fluxes reached a new steady state. Therefore, during the 
re-establishment of a new Earth system steady state after the non-steady-state condition at the 
onset of Marinoan meltdown, we might expect no O2 17O depletion in the very beginning of the 
meltdown due to the low pO2, then low to high depletion, and low to no depletion again after a 
certain duration with the decreasing of pCO2 and increasing of pO2. However, all this speculation 
would do little to concrete scientific progress if there were no sedimentary record to offer 
constraints or tests. The 0 to 0.99 Myr MOSD duration we estimated here will help constrain 
models on how the Earth system responded to one of the most dramatic transitions in Earth 
history. In turn, those models will be of great reference value for us in gauging the “resilience” 
of the Earth system to extreme perturbations.  
1.6 Materials and Methods 
 Hand specimens were taken near-continuously in the 1.18 m post-Marinoan dolostone 
sequence at Wushanhu. Each dolostone sample was cut for thin-sections and polished slabs for 
petrographic examination. Powders were drilled from identified individual barite crystal fans or 
within layers. Sulfate was extracted and purified from an aliquot of the powders following a 
sequence of HCl and DDARP treatment. Triple oxygen isotope composition of sulfate, the Δ17O, 
was measured using a CO2-laser fluorination method and run as O2 in duel-inlet mode on a MAT 
253 at Louisiana State University. Detailed procedures have been described in earlier 
publication.21, 34, 35 The whole-process standard deviation (starting from the same well mixed 
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powders) for sulfate Δ17O is better than 0.05‰. The dolomite matrix was sampled for isotope 
analysis beginning at the base of the cap dolostone up to just below the contact with the shale 
unit. The δ13C was measured for each hand specimen at Nanjing Institute of Geology & 
Palaeontology using an aliquot of 80 to 100 µg which reacted with orthophosphoric acid for 150-
200 seconds at 72 °C in a Kiel IV carbonate device automatically connected to a MAT 253. The 
δ13C is reported in per mil (‰) with respect to VPDB, with standard deviation (1σ) for multiple 
runs of a reference sample better than 0.05‰. 
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1.9 Links between the Marinoan Oxygen-17 Depletion record and riverine sulfate 
 
 The Marinoan Oxygen-17 Depletion (MOSD) event is a unique ultra-high pCO2 state of 
the Earth system with the good fortune that its signal can be preserved in sulfate of oxidative 
weathering origin. Before the sulfate that bears the MOSD isotopic signature (distinct 17O 
depletion) can be preserved in the rock record, it has to persist without its oxygen isotope 
composition being reset or diluted with mixing of 17O-normal sulfate. The MOSD record 
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survives in marine sedimentary rocks but the sulfate with the MOSD signal is likely non-marine, 
from freshwater input to the surface ocean. Thus, rivers are the input to the ocean of the sulfate 
with the MOSD 17O signature. However, the balance of riverine sulfate from natural sources is 
not presently well constrained. We simply do not know the proportion of natural riverine sulfate 
sources (e.g., evaporite, sulfate from oxidative weathering, volcanogenic sulfate, and sulfate 
derived from mineralization of organic matter) because the modern surface cycle is highly 
disturbed by human activities. At present, this anthropogenic sulfate in rivers is highly uncertain. 
As a result, we cannot say with confidence what the expected proportion of sulfate from 
oxidative weathering should be in the rivers of today, much less the rivers at ~635 Ma which 
bore sulfate that had the MOSD signal to the ocean, where it was preserved. To help answer 
questions about riverine sulfate such as these, we examine the modern case of one of the most 
significant rivers in the world, the Mississippi River, to work towards better constraints on 
natural and anthropogenic riverine sulfate sources. 
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LARGE SHIFTS IN THE FLUX AND δ34S ISOTOPE COMPOSITION OF 
SULFATE FROM NORTH AMERICA’S LARGEST RIVER 
 
2.1 Introduction 
The most ubiquitous and dissolved form of sulfur at the Earth’s surface is sulfate (SO42−), 
which is the second-most abundant anion in seawater. Sulfate can be generated by oxidative 
weathering of sulfide minerals and sulfur-bearing organic materials, oxidation of volcanic sulfur 
gases in the atmosphere, and by the dissolution of previously deposited sulfate-bearing minerals 
and rocks (e.g., evaporites). Anthropogenic sources and activities that contribute to SO42− fluxes 
include mine drainage, emissions from fossil fuel usage, sewage, fertilizer, and land use. 
Elevated SO42− concentrations have received attention for their role in the acidification of surface 
waters,1 and as a proxy for toxic mine drainage.2 However, due to its non-toxicity, SO42− is 
relatively unregulated. For example, in the United States there is a high acceptable concentration 
of 250 mg L−1 for drinking water.3 Thus, elevated freshwater SO42− is not as much of a direct 
environmental and health threat as it is a symptom, and useful tracer, of anthropogenic 
disturbance.  
Human impact on the surface sulfur cycle has been very heavy. Global riverine SO42− 
flux today is estimated at 368 to 675 Tg yr−1 with a 27% to 65% anthropogenic contribution.4-8 
The lack of a good agreement on the global riverine SO42− flux and sources is due to the 
reference year used for estimation, completeness of available data, and also because the earliest 
available SO42− concentration measurements were taken when rivers had already been 
significantly disturbed by human activities.9 Anthropogenic SO42− flux has increased 
dramatically in some regions, even tripling in the case of the Yangtze River between the periods 
1958-1990 to 2009-2010.10, 11 The world’s principal contributors for SO42− flux include the 
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Yangtze, at 30 Tg SO42− yr−1,11 along with the Amazon, at 11 to 30 Tg SO42− yr−1,12, 13 and 
Mississippi, at 27.8 Tg SO42− yr−1 (2010 average).14, 15 Together, these three rivers account for 10 
to 24% of the global total estimated riverine SO42−.4-8  
Riverine dissolved sulfate (SO42−) sulfur isotope composition, δ34S (δ ≡ Rsample/Rstandard − 
1 × 1000‰, where R is the mole ratio of 34S/32S, and reported with respect to the isotope 
standard Vienna Canyon Diablo Troilite (VCDT)), is used in conjunction with other 
hydrogeochemical data (e.g., SO42−, Cl−, 87Sr/86Sr, and δ13C) for such applications as assessing 
recovery of watersheds from years of heavy anthropogenic atmospheric SO42− deposition, and 
determining the influence of geology, land cover types, and land use controls on sulfate fluxes 
and weathering rates. Global average natural riverine SO42− δ34S is a critical parameter for 
modeling the sulfur cycle at time scales greater than millions of years. In turn, the sulfur cycle is 
tightly linked to the corresponding carbon and oxygen cycles.16 However, global natural riverine 
SO42− δ34S, its variability over geologic time, and its implications for models of the sulfur cycle 
are not well constrained, and are presently debated.17, 18  
Many studies on individual rivers around the world have shown that modern riverine 
SO42− fluxes and δ34S composition are determined by the degree of human alteration, character 
of rock sources of SO42−, and hydrology of a river basin. However, without a baseline for prior 
natural SO42− flux and its δ34S, assessments of anthropogenic impact are qualitative at best. The 
first riverine SO42− δ34S measurement was not taken until after industrialization in 1968,19 and, 
lacking preservation of pristine riverine SO42−, natural riverine SO42− flux and δ34S must be 
reverse-engineered from its modern anthropogenic overprint. Since 1970, SO42− δ34S has been 
reported from rivers in Europe,20-35 North America,1, 36-45 and Asia;46-52 with some data from the 
Middle East,53, 54 Iceland,55, 56 Australia,57 and Japan;58, 59 and very little data from South 
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America60 and Africa.61 Sufficient historical SO42− concentration data could help de-convolute 
the previous natural SO42− flux in individually studied rivers, however, this is absent for most 
cases. Furthermore, the lack of a seasonally constrained mean SO42− δ34S for large, and 
significantly disturbed, river basins of the world challenges our understanding of modern SO42− 
fluxes and sources.  
The Mississippi River is North America’s largest watershed and has been extensively 
modified by human activities. The Mississippi River basin covers an area of 2,967,000 km2,62 or 
12% of the North American continent. Farmland covers 65% of the basin.63 Dams for water 
storage modify sections of the river system, and the lower Mississippi is contained by levees for 
flood control. The hydrology of the basin varies, with a runoff of 5 cm yr−1 in the semi-arid west, 
and a runoff >60 cm yr−1 in the humid east.62 Extensive coal production, with associated mine 
drainage with high SO42− concentrations, occurs in both eastern and western areas of the basin. 
For many years it has been recognized that sub-basins of the Mississippi River have carried 
elevated sulfate concentrations due to industrial activities and mine drainage.64 Mississippi River 
SO42− concentration was first measured in 1901,65 and it did not peak until 80 years later (Fig. 
2.2). Previously resulting in heavy atmospheric SO42− deposition within the Mississippi River 
basin, atmospheric sulfur emissions from coal burning power plants have been drastically 
reduced since the 1970s,66 with a subsequent SO42− decrease in the river, due to implementation 
of the Clean Air Act and its amendments.  
Here we propose that a sulfur-isotope mixing model, with well-constrained input 
parameters, can quantify the anthropogenic and natural riverine SO42− flux and δ34S of the 
Mississippi River. Input constraints include long-term SO42− concentration data, known end-
member δ34S values of sources, and multi-year SO42− δ34S monitoring, all of which are tenable 
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from historical and published data, and from our own sampling campaign in the lower 
Mississippi River at Baton Rouge, Louisiana.  
2.2 Methods 
 We use five lines of evidence to develop a stable isotope mixing model to constrain the 
Mississippi River SO42− budget: (1) modern Mississippi River mean SO42− δ34S, (2) mean δ34S 
values for known major sulfate sources, (3) historical SO42− concentration changes, (4) a model 
of soil release of atmospheric SO42−, and (5) sulfur use from agricultural data. These five lines of 
evidence are explained below. 
(1) To insure the modern Mississippi River mean SO42− δ34S used in our model is 
representative, both arithmetic and flux-weighted mean δ34S are calculated. Our sampling 
location is near Baton Rouge, Louisiana, where the riverine SO42− δ34S integrates the main sub-
basins of the Mississippi River basin, except for the Red and Ouachita basins, covering ~37% of 
the contiguous United States.62 Flux (fluxSO4 = concentration × volume ÷ time) is determined 
using USGS SO42− concentration data,14 and US Army Corps of Engineers (USACE) water 
discharge data.15 USGS reports SO42− concentration for the Mississippi River at St. Francisville, 
Louisiana approximately once per month. The Mississippi River outflow channel, located 
upstream from our Baton Rouge and St. Francisville sampling locations (Fig. 1.1), diverts ~30% 
of flow to the Atchafalaya River for flood control purposes.63 However, we use USACE water 
discharge that is reported daily for the Mississippi River at Tarbert Landing, Mississippi and the 
outflow channel near Knox Landing, which together represent the discharge of the Mississippi 
River. Interpolating monthly SO42− concentration measurements to give daily values, and using 
daily measured average discharge, daily SO42− fluxes were calculated. We collected Mississippi 
River water at biweekly, or greater, frequency during the period 2009-2013 for subsequent SO42− 
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δ34S measurement. Mississippi River water samples were collected at the east river bank at Baton 
Rouge or St. Francisville, Louisiana, USA. Samples were immediately transported to the 
laboratory or refrigerated for later processing, paper filtered to remove sediment or debris, then 
filtered with a 0.2 µm syringe filter. After filtration, the water sample was heated, acidified to a 
pH <2.0 with HCl solution, allowed to degas CO2 to prevent BaCO3 precipitation, then a BaCl2 
solution was added to precipitate the SO42− as BaSO4. The BaSO4 precipitate was then purified 
using the DTPA (chelating agent) Dissolution And Reprecipitation (DDARP) method.67 
Mississippi River SO42− δ34S, as purified BaSO4, was measured at University of Maryland and 
Indiana University using an Elemental Analyzer integrated with an isotope ratio mass 
spectrometer. δ34S analytical error was better than 0.3‰ for standards and analytical duplicates, 
and reported with respect to VCDT. Our samples taken twice monthly over the years 2009-2013 
for δ34S are used with the calculated daily SO42− flux to give a flux-weighted mean δ34S 
(∑(δ34S*fluxSO4)/∑fluxSO4) of Mississippi River SO42−.  
(2) A representative average δ34S value for Mississippi River atmospheric SO42− source is 
compiled from published values of rainwater and snow SO42− from across the US, from West 
Virginia,68 Virginia,44 Wyoming,69 California and Nevada,70 Louisiana,71 and New Jersey.72 The 
compiled average is checked against SO42− δ34S from a stream whose SO42− input is 
overwhelmingly from atmospheric deposition,39 and Greenland ice core SO42− δ34S of 
anthropogenic origin.73 
(3) The Sewerage and Water Board of New Orleans first measured SO42− concentration 
of the Mississippi River during 1901,65 with sparse coverage thereafter until the United States 
Geological Survey (USGS) began monthly monitoring in 1954 (Fig. 2.2). The available 
Mississippi River SO42− concentration was compared to United States population (Fig. 2.3), coal 
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production (Fig. B2), and S emissions (Fig. B2), and a regression function was used for 
estimation of the pre-anthropogenic natural SO42− concentration.  
(4) Global anthropogenic sulfur emissions are estimated at around 70% of total 
atmospheric sulfur.74-76 Regionally, the fraction of anthropogenic atmospheric sulfur will be even 
higher. For example, in the eastern Mississippi River basin, power generation from coal burning 
has resulted in heavy deposition of atmospheric sulfur.77 Atmospheric sulfur deposition is mostly 
cycled through the soil before being released as SO42− into surface water systems.40 Due to high 
emissions of atmospheric S from industrialized regions, riverine studies have often focused on 
estimating the impact of anthropogenic atmospheric S deposition and flux.21, 23, 78, 79 Here, we 
used a model to estimate Mississippi River SO42− that comes from anthropogenic sulfur 
emissions (see supporting information). 
 (5) Fertilizer sulfate contribution is estimated by using agricultural sulfur application 
data reported by states within the Mississippi River Basin.80 
The term “anthropogenic SO42−” used in this study includes all SO42− produced from human 
activities. However, we must make a further distinction between what we refer to as “industrial” 
and “mining” SO42−. Globally, industrial SO42− sources include emissions from burning fossil 
fuels, industrial byproducts, fertilizer, and sewage. This “industrial” δ34S should cluster around 
that of organic sulfur in fossil fuels such as coal, whose average δ34S can be represented by those 
in bulk atmospheric precipitation, such as 3 ± 1.5‰ as determined from Greenland ice cores.73 
However, SO42− from mine drainages, termed “mining” SO42− here is dominantly derived from 
the weathering of pyrite in mine tailings, whose δ34S is lower than that of coexisting organic 





Figure 2.1. The Mississippi River Basin with marked sampling location (St. Francisville – Baton 
Rouge – New Orleans area) in the lower Mississippi, Louisiana, United States. Map is modified 
from Nasa/JPL http://photojournal.jpl.nasa.gov/catalog/PIA03377. 
 
  
Figure 2.2. Mississippi River dissolved sulfate (SO42−) concentration, from sample locations in 
the lower Mississippi (i.e., New Orleans, Baton Rouge, and St. Francisville) for the period 1901-
2012. In 1970 Clean Air Act legislation was passed that resulted in drastic atmospheric sulfur 
emissions reductions that lowered sulfate input to the Mississippi River Basin. For the present, 
the average Mississippi River SO42− concentration over 2006-2012 is 42.1 mg L−1. SO42− 
concentration was measured in 1901,65 1905,82 1920,83 1931,84 1951,85 and 1954-present.14 
 Baton 
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 Using the constraints outlined above, our Mississippi River SO42− δ34S mixing model is 
as follows: 
  δMR = fnatural*δnatural + findustrial*δindustrial + fmining*δmining    (1) 
δMR is the mean modern Mississippi River SO42− δ34S from this study. fnatural is the fraction of 
natural SO42− sources and δnatural is its δ34S. findustrial is the fraction of atmospheric SO42− from coal 
burning and its derived byproducts, here only fertilizer is considered significant and included, 
and δindustrial has its respective average δ34S. fmining is the fraction of Mississippi River SO42− 
attributed to mine drainage. δmining is the mine drainage δ34S that is offset from the δindustrial value 
by −4.8‰, an observed average difference in δ34S between coal sulfur and coexisting pyrite.81, 86  
 The sensitivity of our sulfur-isotope mixing model was tested by Monte Carlo method 
error analysis,87 with standard deviations and/or bounding ranges assigned to model input 
parameters. Three versions of the mixing model were used, 1) assuming normal distribution of 
inputs, 2) assuming flat distribution of inputs, and 3) a “rough qualitative” model without ranges 
on the inputs. 
2.3 Results 
Results are presented in order of the five main lines of evidence introduced in the 
Methods section.  
(1) The flux-weighted average δ34S of the Mississippi River SO42− for the study period 
over 2009-2013 is ‒2.9‰, which is comparable to the arithmetic mean of ‒2.7‰, with ± 1.6‰ 
standard deviation, for the same period. 
 (2) The δ34S of the resolvable end members is determined. For the Mississippi River 
sulfur-isotope mixing model, we include atmospheric S emissions and related byproducts such as 
fertilizer together as “industrial” SO42−. The anthropogenic and natural background atmospheric 
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SO42− determined from Greenland ice cores are 3 ± 1.5‰ and 11‰, respectively.73 A mix of 
90% anthropogenic (e.g. industrial) and 10% natural (e.g., dimethyl sulfide (DMS) and 
volcanogenic sources) atmospheric SO42− would yield an atmospheric SO42− with a δ34S of 
~3.8‰. This mix of anthropogenic and natural atmospheric SO42− δ34S should cluster at that of 
bulk rain and snow. From our compiled mean previously published values,44, 68-72 we obtained a 
mean δ34S of rain and snow spanning the Mississippi River basin of 4.2‰. At Hubbard Brook in 
the northeastern US, the long-term 1967-1994 mean for bulk precipitation δ34S is 4.2 ±0.3‰.39 
Thus, we use 4.2 ±0.3‰ to represent the industrial SO42−. Industrial SO42− is assumed to be 
dominated by coal organic sulfur, with the ~10% of atmospheric SO42− that is from natural 
sources ignored, and the mining pyrite-derived SO42− end member δ34S offset by –4.8‰ from the 
industrial SO42− δ34S.  
 (3) The natural SO42− concentration, with standard error of the regression, of 12.6 ±8.1 
mg L−1 is obtained, at a hypothetical population of zero, by exponential regression of Mississippi 
River SO42− concentration against United States population for the period 1901-1970 (Fig. 2.3). 
Mississippi River sulfate concentration was also compared to United States S emissions and coal 
production (Fig. B2), with much lower correlations than for population, therefore sulfate 
concentration versus US population was used for our natural concentration estimate. The interval 
1901-1970 is used because the relationship between increasing SO42− in the Mississippi and US 
population is maintained, whereas after 1970 the Clean Air Act regulations have resulted in  
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Figure 2.3. Sulfate concentration measured in the lower Mississippi River (see Fig. 2.2), plotted 
against United States population,88 over the period 1901-1970 with an exponential regression 
line fitted to the data. After 1970, population continues to increase but Mississippi River SO42− 
concentration declines. The y-intercept of the regression line yields a SO42− concentration of 12.6 
mg L−1. 
 
 (4) The model of soil release of atmospheric SO42− (Appendix B) indicates that an 
equivalent of 15% of the Mississippi River SO42− flux is from stored and released anthropogenic 
atmospheric deposition for the reference year 2010. 
 (5) Fertilizer SO42− contribution to the Mississippi River is estimated, from agricultural 
statistics,80 to be ~1%. 
 Thus, the isotopic mixing model formula (Eq. 1) is rearranged to solve for natural 
Mississippi River SO42− δ34S: 
δnatural = (δMR − findustrial*δindustrial − fmining*δmining)/fnatural  (2) 
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Equation 2 is developed even further to reduce variables, as: 
δnatural = (δMR − findustrial*δindustrial − (1 − findustrial − fnatural)*( δindustrial −4.8‰))/fnatural  (3) 
Our normal and flat distribution models have four inputs (Table 2.1). The mining SO42−, 
at 56% of the modern Mississippi River SO42− budget (Table 2.2), is determined as the difference 
remaining after the average natural (0.28) and industrial fractions (atmospheric 0.15, plus 
fertilizer 0.01). The δmining is dictated by its offset of −4.8‰ from δindustrial. fnatural and findustrial are 
fixed, leaving only two parameters whose input bounds determine the model results, which are 
δMR and δindustrial.  
The “rough qualitative” model assumes fixed values for all inputs (Table 2.1), including 
3.5‰ for δindustrial, and δmining offset from δindustrial by −4.8‰, to be −1.3‰. 
Table 2.1. Input parameters used to solve for natural Mississippi River SO42− δ34S in a stable 
isotope mixing model (equation 3).  
 
Table 2.1. Model parameters 
  Parameters for normal and flat distribution models   
Parameter value stdev or ±range 
δMR (Mississippi River SO42- δ34S) -2.7‰ 1.6‰ 
δindustrial (rainwater SO42- δ34S of industrial origin) 4.2‰39 0.3‰ 
δmining (calculated mine drainage SO42- δ34S) δindustrial - 4.8‰81, 86 
 findustrial (industrial fraction of Mississippi River SO42-)  0.16 
 fmining (mine drainage fraction of Mississippi River SO42-) 1 - findustrial - fnatural 
 fnatural (natural fraction of Mississippi River SO42-) 0.28 
 
	   	   	  Parameters for rough qualitative (RQ) model   
Parameter value    
δMR-RQ (Mississippi River SO42- δ34S) -3‰ 
	  δindustrial-RQ (industrial SO42- δ34S) 3.5‰73 
	  δmining-RQ (mine drainage SO42- δ34S) -1.3‰ 
	  findustrial-RQ (industrial fraction of Mississippi River SO42-)  0.2 
	  fmining-RQ (mine drainage fraction of Mississippi River SO42-) 0.5 
	  fnatural-RQ (natural fraction of Mississippi River SO42-) 0.3 
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Table 2.2. Results for Mississippi River natural SO42− δ34S from Monte Carlo error analysis of 
sulfur isotope mixing models for normal and flat distribution of inputs, rough qualitative model, 
and modern SO42− flux partitioning. All SO42− δ34S is expressed in ‰ with respect to VCDT 
standard. Total flux is given for reference year 2010.14, 15 
 
Table 2.2. Mississippi River SO42- results 
  Natural SO42- δ34S (VCDT) 
   model mean stdev 95% confidence min. 95% confidence max. 
normal distribution -11.4‰ 4.9‰ -21.2‰ -2.9‰ 
flat distribution -10.9‰ 3.3‰ -16.4‰ -5.3‰ 
rough qualitative -10.2‰ 
   
     SO42- flux 
    total flux natural anthropogenic industrial (S emissions) mining (mine drainage) 
27.8 Tg SO42−/yr 28 ±18% 72 ±18% 16% 56% 
 
Our model results (Table 2.2), with Monte Carlo error analysis on the flat and normal 
models yield a range of the natural SO42− δ34S from −21.2‰ to −2.9‰ and a mean near −11‰. 
The rough qualitative model yields a Mississippi River natural SO42− δ34S of −10.2‰.  
2.4 Discussion 
2.4.1 Mississippi River SO42− fluxes 
By our first-order partition, natural and anthropogenic inputs are 7.8 and 20.0 Tg SO42− 
yr−1, or 28% and 72%, respectively, of today’s Mississippi River total flux of 27.8 Tg SO42− yr−1, 
which has increased by >3.5 times its natural flux. Our first-order partition is based on an 
exponential regression of SO42− concentration against US population (Fig. 2.3), and at a glance it 
may appear that a linear regression would be sufficient to describe this relationship. However, at 
hypothetical population = 0, a linear regression would yield a very low natural SO42− 
concentration of 2.2 mg L−1, highly atypical of rivers in temperate regions,13 which would imply 
that the modern Mississippi were carrying a SO42− load that is 95% anthropogenic. Notably, and 
likely due to the same underlying trends in fossil fuel use that affect SO42−, a non-linear 
relationship between population growth and atmospheric CO2 increase has been recognized.89 
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Anthropogenic SO42− increases could be thus considered analogous to the increases seen for 
CO2. Furthermore, the previously estimated global average natural riverine SO42− concentration, 
8.3 mg L−1,5 is lower than our result of 12.6 mg L−1 for the Mississippi River. Using this global 
estimate for natural SO42− concentration would result in a higher Mississippi River 
anthropogenic partition, at 81% of the total. Given these comparisons, our Mississippi River 
natural and anthropogenic SO42− partition, at 28% and 72% (Table 2.2), respectively, appears 
reasonable. The relationship between Mississippi River sulfate concentration increases and 
United States S emissions and coal production increases (Fig. B2) appears to be much less robust 
than concentration versus United States population (Fig. 2.3). The reasons for the apparent 
tighter link between sulfate concentration and population is unclear, and warrants further study. 
However, for the purposes of the present study we require a simple correlation for a “natural” 
Mississippi River sulfate concentration and hope to carefully examine the causal relationship in 
the future.  
Our estimate of Mississippi River anthropogenic SO42− contribution, 72%, is further 
divided into “industrial”, e.g., atmospheric deposition and fertilizer, and “mining”, i.e. mine 
drainage, fractions that are 16% and 56% of the total budget, respectively. Fertilizer input is 
found to be rather minor, at 1% of total, and it is included in the industrial partition. Although 
atmospheric SO42− deposition measurements are available for our reference year, 2010, the 
atmospheric SO42− actually entering the river system at any given year is not the same SO42− that 
was deposited during that same year. In evidence, U.S. sulfur emissions peaked around 1973, 
while Mississippi River SO42− concentration and flux peaked around 1985 (Fig. 2.2). The delay 
in Mississippi River SO42− response to decreased S emissions is consistent with observed soil 
atmospheric SO42− residence time, of ~9 years.40 Much of the SO42− in rain and snow is 
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biologically cycled through the soil and/or adsorbed before being released to surface waters. 
Thus, our soil SO42− release model describes the delayed release of this atmospheric SO42− in 
order to closely represent it in our budget. In the United States, sulfur emissions peaked near 
1973,90 and have been in decline since implementation of practices, such as flue gas 
desulfurization,91 to comply with Clean Air Act regulations. Our model of atmospheric SO42− 
release from soil serves as a check on how the storage and delayed release of intense sulfate 
deposition might express itself in a river system in recovery as sulfur emissions are reduced. By 
year 2010, our different model runs are all within 6% of the mean (supporting information). 
Even with different modeled rates of storage and release before the peak deposition year, soil 
atmospheric SO42− flux will eventually converge if, after a certain time, one average rate of 
release is used. 
We have estimated that mining SO42− is 56% of modern Mississippi River sulfate flux. To 
check our result, we use a scaling from a study on two mine drainage-affected rivers in North 
America, of 3.62 to 4.51 × 103 grams S flux per ton of coal produced.92 Here, we again use 2010 
as our reference year and use United States coal production to scale the Mississippi River SO42− 
flux that can be attributed to mining sources. We assume that most of US coal production, and 
thus its mine drainage SO42− flux, occur within the Mississippi River basin. The result of this 
scaling for the Mississippi River predicts that 42% to 52% of its SO42− budget is from mining. 
Thus, our estimate that 56% of Mississippi River SO42− fluxes come from mine drainage is 
feasible but maybe overestimated. Reasons for this overestimation of mining SO42− may include 
unconstrained SO42− fluxes from anthropogenically enhanced erosion, municipal wastewater, and 
agricultural practices. The latter two SO42− fluxes could be considered as already incorporated in 
the “industrial” SO42− in our model, and land clearing may not have much an effect on chemical 
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weathering.93 However, the effects of agricultural irrigation and drainage practices on soil SO42− 
flux have not been well characterized, and they may enhance SO42− flux per affected area by a 
magnitude.1 For a river basin such as the Mississippi, where farmland covers over half its area,63 
enhanced SO42− flux due to agricultural practices is likely to be significant. However, the central 
areas of the Mississippi River basin have the highest percentage of drained agricultural land,62 
but they do not contribute the highest SO42− fluxes. Although more constraints are needed, the 
large Mississippi River SO42− fluxes attributed to mine drainage are alarming symptoms of a 
long legacy of impaired water quality. While SO42− is highly mobile and harmless, as sourced 
from mine drainage it indicates concomitant fluxes of less mobile toxic metals, with significant 
negative regional impacts.2  
2.4.2 Mississippi River SO42− δ34S 
We have estimated that natural Mississippi River SO42− δ34S ranges −21.2‰ to −2.9‰, 
with a mean at −11‰ that is ~8‰ lower than the presently observed −2.7‰. This change in 
Mississippi River SO42− δ34S from its prior natural state is due to an overwhelming 
anthropogenic SO42− load, 72% of the total budget, that has a sum δ34S of about 0.5‰. Our 
mixing model results are made possible by a well-constrained average modern SO42− δ34S value 
for the Mississippi, which we have been sampling at biweekly or greater frequency for four 
years, over 2009-2013. A closely representative average of riverine SO42− δ34S is dependent on 
the frequency and duration of a sampling campaign. Unfortunately, studies like ours that are long 
enough (e.g., >2 years) to constrain seasonal variation are rare.20, 32, 39, 94 
Modern Mississippi River SO42−, at ~−3‰, has an average δ34S that is distinct from the 
two other most significant rivers for SO42− flux, the Amazon at 7‰,60 and the Yangtze at 5 to 
7‰.95, 96 If the low δ34S of Mississippi River SO42− could simply be due to the input of 
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anthropogenic sources of SO42−, such as mine drainage, then other heavily populated global river 
basins should also show such a distinctly negative δ34S value, but this is not the case. For 
example, a compilation of Russian riverine SO42− δ34S averaged near 11‰ for Asian rivers with 
a lower, but non-negative, δ34S of 6‰ for the heavily populated European river basins.6 For most 
rivers, the SO42− δ34S is non-negative and has a higher value than anthropogenic inputs. Thus, the 
typical scenario is for anthropogenic input to decrease a river’s SO42− δ34S from its previous 
natural value. The Mississippi River case is opposite, with anthropogenic input increasing its 
SO42− δ34S value. SO42− for another large North American river that is much more pristine than 
the Mississippi, the Mackenzie, was measured with negative values for its main stem, at a δ34S of 
−8.1‰, and its tributaries.36 Other Mackenzie River studies have also reported negative δ34S for 
its tributaries,42, 97 however, it must be cautioned that none of these studies has times series data 
that could be used to represent mean δ34S values. Abundant pyrite in black shale that was 
deposited in an epicontinental seaway during Cretaceous time is the likely cause of negative δ34S 
values from these large North American rivers. Thus, our estimated natural Mississippi River 
SO42− δ34S, with its mean at −11‰, appears to approximate the actual value. Recently it was 
argued that coal sulfur δ34S preserves freshwater (riverine) SO42− δ34S that globally has a 
relatively stable composition over hundreds of millions of years.18 However, in comparison with 
other continents and global estimates of riverine δ34S, North America’s natural riverine SO42− 
δ34S is much lower. Perhaps there is greater variability in global riverine SO42− δ34S than can be 
assumed from coal. Alternately, freshwater coal sulfur isotope composition does not actually 
record riverine signal and instead preserves the δ34S of precipitation instead, thus explaining 




This study is partly supported by funding from the National Science Foundation (EAR-1251824, 
EAR-1312284). Extra thanks to Bill Alvey at Tell City Jr.-Sr. High School, Indiana for 
preliminary sample collection and Justin Hayles for help with modeling.  
2.6 Links between a riverine sulfate sulfur isotope mixing model study and comparison of 
sulfate oxygen-17 evidence of secondary atmospheric sulfate contribution in rivers 
 
 In the Mississippi River, atmospheric sulfate contribution (the majority of which is 
secondary atmospheric sulfate (SAS)) is low at about 15%, as calculated in a model of soil 
atmospheric sulfate release (appendix B), but in other rivers this contribution could be much 
larger. Moreover, it is difficult to know how much of the SAS is directly contributed to a river 
versus the SAS which has been recycled by the biosphere and eventually released from soils. The 
rough categories of natural, mining, atmospheric (mostly anthropogenic SAS), and fertilizer 
sulfate sources must be more finely resolved, and on a global scale, if we are ever to make robust 
analogies between the behavior of the modern sulfur cycle and the sulfur cycle of the past. 
Without a natural baseline with which to make accurate comparisons, perhaps we can use 
different river basins that are known to have differences in their sulfate inputs. The Yangtze 
River of China presently receives a much greater input of SAS than the Mississippi River in the 
United States. Due to the strong oxygen-17 signal of SAS we can estimate the amount of direct 
SAS in a river as compared to the recycled SAS that has its oxygen isotope composition reset. 
This leads to the prediction that rivers with a greater portion of SAS should also have a greater 
proportion of direct SAS accompanied by its strong enrichment in oxygen-17. Towards better 
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SIGNIFICANTLY LARGER DIRECT CONTRIBUTION OF SECONDARY 
ATMOSPHERIC SULFATE TO THE YANGTZE VERSUS MISSISSIPPI 
RIVER BASIN REVEALED BY RIVERINE SULFATE OXYGEN-17 
 
3.1 Introduction 
Anthropogenic emissions are responsible for ~70% of the modern atmospheric sulfur 
budget.1-3 The final sinks of atmospheric sulfur are of two general types, primary atmospheric 
sulfate (PAS), which is only ~4%, and the remaining 96% is secondary atmospheric sulfate 
(SAS).4 PAS exists as sulfate at its point of emission. In contrast, SAS forms from in situ 
atmospheric oxidation of reduced sulfur gases such as SO2.5 The observed dramatic increase in 
SAS from anthropogenic sources since 1850 has contributed to climate-cooling sulfate aerosol 
feedbacks,6 and to acidification of surface waters.7 China and the United States are the two 
largest sulfur emitters by country, at approximately 30 and 15 Gg SO2 per year, respectively.8 By 
2011, with the implementation of cleaner emissions controls, China sulfur emissions have been 
declining, though still accounting for 30% of global anthropogenic emissions, while the United 
States continues its decreasing trend in sulfur emissions since the 1970s.9  
After decades of heavy SAS deposition due to anthropogenic activities, gauging the 
impact and recovery of ecosystems and surface waters has been a frequent goal of riverine 
sulfate isotope studies.10-16 An outstanding issue is that streams have been observed to lose 
sulfate in excess of atmospheric inputs, which has been interpreted as indicating either internal 
sources of sulfate in stream basins and/or a shedding of previously accumulated SAS. SAS may 
have accumulated in stream basins as heavy SAS deposition was adsorbed, biologically cycled 
via sulfate reduction and subsequent re-oxidation, and then later released. Thus, this delayed 
response of stream systems has been studied in order to predict how long recovery would take. 
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Therefore, the atmospheric sulfate that is exiting a river basin is likely a mix of “old” SAS and a 
portion of direct contribution of SAS, or “new” SAS. Keeping in mind that each stream basin 
will retain and release SAS differently according to land cover type and stream type, here we 
wish to assess direct SAS deposition or short-term changes to significant river basins that 
integrate large areas to give an indication of average response of surface waters.  
SAS is distinct in its triple oxygen isotope composition. Triple oxygen isotope 
composition is expressed here as Δ17O ≡ ln(δ17O + 1) − 0.52 × ln(δ18O + 1), with the classical δ ≡ 
Rsample/Rstandard − 1, where R is the mole ratio of 17O/16O or 18O/16O, and reported in units per 
mille (× 1000‰) with respect to the isotope standard VSMOW. All the oxidation reactions that 
yield SO42− follow a mass-dependent relationship,5, 17 and thus have a Δ17O ≈ 0‰. However, gas-
phase atmospheric reactions result in the non-mass-dependence (Δ17O ≠ 0‰) of oxygen-bearing 
gases,18 such as those gases which contribute oxygen to produce SO42−: air O2, H2O2, and O3 that 
presently have average Δ17O of about −0.26‰,19 1.3‰,20 and 35‰,21 respectively. At the Earth’s 
surface, air O2 imparts its oxygen with Δ17O < 0‰ to SO42− produced from sulfide oxidation.22, 23 
In the atmosphere, reduced sulfur gases, i.e. SO2 (Δ17O = 0‰), are oxidized to SAS, whose 
oxidants, i.e. H2O2 and O3 (Δ17O > 0‰), transfer their anomalous non-mass-dependent isotope 
composition to the product SAS.24 Due to this transfer of Δ17O signal, SAS has Δ17O > 0‰, as 
high as 3.4‰ in polar regions within the last 10 kyr.25  
While there is evidence that riverine sulfate Δ17O can trace SAS in surface waters in 
small streams,26 this particular proxy has not yet been developed further. Today, among 
comparable northern hemisphere sites, there exists good agreement for mean SAS Δ17O, ranging 
0.53 to 0.75‰.27-29 While all other freshwater sulfate sources should have Δ17O = 0‰ or slightly 
negative, SAS is the only source that has Δ17O > 0‰. Therefore, a river system with higher SAS 
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contribution should also have a higher sulfate Δ17O. We test this hypothesis by comparing two 
years of sulfate Δ17O measurements, over 2011-2013, in two of the most significant and heavily 
human-dominated river basins that differ in relative SAS input, the Yangtze River of China, and 
the Mississippi River of the United States (U.S.). Due to sulfur emissions, and thus SAS, being 
twice as high in China as in the United States, it is expected that Yangtze River sulfate Δ17O will 
be substantially higher than that of the Mississippi River. 
3.2 Methods  
 River water samples were collected at St. Francisville or Baton Rouge, Louisiana, United 
States for the Mississippi River, and at Wuhan, China for the Yangtze River. In both cases, these 
sites are located in the lower reaches of their respective river basins. At minimum, half a liter of 
river water was collected as a “dip” sample. Samples were immediately transported to the 
laboratory or refrigerated for later processing, paper filtered to remove sediment or debris, then 
filtered with a 0.2 µm syringe filter. After filtration, the water sample was heated, acidified to a 
pH <2.0 with HCl solution, allowed to degas CO2 to prevent BaCO3 precipitation, then BaCl2 
solution was added to precipitate the SO42− as BaSO4. The BaSO4 was then purified twice using 
the DDARP method,30 by dissolving the BaSO4 with DTPA chelating solution, then re-
precipitating the BaSO4 by addition of 10M HCl to acidify to a pH of <2.  
O2 was liberated from the BaSO4 for its Δ17O measurement by using a CO2-laser 
fluorination gas line system.31 Approximately 5-8 mg BaSO4 per sample was lased under a BrF5 
pressure of about 20 torr. The O2 yield from the BaSO4 is about 25 to 35%, or a pressure of 10-
20 µM. For Δ17O determination, the O2 δ17O and δ18O values were simultaneously analyzed via 





Figure 3.1. Location map of the Mississippi River and Yangtze River basins and their sampling 
locations marked at Baton Rouge, United States and Wuhan, China, respectively. Map is in the 
public domain and modified from 
http://commons.wikimedia.org/wiki/File:World_map_blank_shorelines_semiwikimapia.svg 
 
Δ17O standard deviation is ± 0.03‰ for multiple (n ≈ 3) runs of the same O2 sample gas 
on the MAT 253, and ±0.05‰ for replicates of the same BaSO4 sample via CO2-laser 
fluorination. δ17O was initially calibrated against UWG-2, assuming its δ18O = +5.80‰ 
(VSMOW) and its δ17O = 3.016‰ (0.520 × δ18O). At LSU OASIC stable oxygen isotope 
measurements are run above a threshold gas pressure of ~ 20-25 mbar and based on 
extrapolation of VSMOW (i.e. UWG-2), assuming linear performance of the mass spectrometer.  
3.3 Results 
 Sulfate isotope results for Δ17O are presented in figures 3.2 and 3.3 and in table 3.1. For 
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were used, but additional data is plotted in figure 3.1. Figure 3.2 includes sulfate Δ17O from 
earlier Mississippi River measurements from 2009-2010 and 3 additional Yangtze River samples 
from 2013, while the 2-year data set being compared is from 2011-2013. The 2-year data set of 
Mississippi River sulfate Δ17O (n = 18) has a mean of −0.15 ±0.05‰, with standard deviation, 
and ranges from −0.24‰ to −0.05‰. The 2-year data set of Yangtze River sulfate Δ17O (n = 18) 
has a mean of −0.09 ±0.05‰, with standard deviation, and ranges from −0.16‰ to 0.02‰. 
Using Student’s t-test, the data sets of Mississippi and Yangtze riverine sulfate Δ17O are shown 
to be different to a high statistical significance, at a p value of 0.00057. Although the full sample 
data set, including δ18O and δ34S, will be reported in a future paper on seasonal variation, no 
significant correlations were observed between any of the Δ17O, δ18O, or δ34S sulfate isotope 
data. 
 
Figure 3.2. Complete sulfate Δ17O data series for the Mississippi and Yangtze rivers. 
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Figure 3.3. Sulfate Δ17O data set (and in Table 3.1) for the Yangtze and Mississippi rivers which 
was used for comparison. 
 
Table 3.1. Mississippi and Yangtze riverine sulfate Δ17O dataset. 
Mississippi River   Yangtze River   
date sample sulfate Δ17O date sample sulfate Δ17O 
01/06/11 BR 010611 -0.16 01/15/11 CJ-1 -0.12 
03/03/11 BR 030311 -0.21 01/22/11 CJ-2 -0.08 
04/14/11 BR 041411 -0.09 01/28/11 CJ-3 -0.10 
05/27/11 BR 052711 -0.14 03/19/11 CJ-10 0.02 
09/30/11 BR 093011 -0.14 03/26/11 CJ-11 -0.06 
10/26/11 BR 102611 -0.15 04/02/11 CJ-12 -0.05 
01/11/12 BR 011112 -0.12 05/21/11 CJ-19 0.00 
02/02/12 BR 020212 -0.05 06/04/11 CJ-21 -0.13 
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Table 3.1 continued    
03/06/12 BR 030612 -0.16 07/09/11 CJ-26 -0.13 
04/17/12 BR 041712 -0.10 08/13/11 CJ-31 0.00 
05/09/12 BR 050912 -0.14 09/10/11 CJ-35 -0.12 
06/27/12 BR 062712 -0.13 11/19/11 CJ-45 -0.06 
07/18/12 BR 071812 -0.09 01/07/12 CJ-1152 -0.16 
08/08/12 BR 080812 -0.14 10/21/12 CJ-1202 -0.10 
09/18/12 BR 091812 -0.23 11/18/12 CJ-1206 -0.15 
10/09/12 BR 100912 -0.24 12/18/12 CJ-1210 -0.14 
12/19/12 BR 121912 -0.20 01/07/13 CJ-1213 -0.10 
02/21/13 BR 022113 -0.20 03/13/13 CJ-1218 -0.07 
 avg -0.15  avg -0.09 
 stdev 0.05  stdev 0.05 
 min -0.24  min -0.16 
 max -0.05  max 0.02 
 
3.4 Discussion 
 Riverine sulfate Δ17O was previously measured in two alpine watersheds in the Rocky 
Mountains.26 Even though these small streams were located relatively close to each other, they 
differed in sulfate Δ17O, with one of the streams dominated by SAS and positive sulfate Δ17O 
values, and the other having sulfate Δ17O near 0‰. This result was interpreted as showing that 
the river with sulfate Δ17O near 0‰ had an additional source of Δ17O-normal sulfate that mixed 
with the SAS and diluted its positive Δ17O. An alternate interpretation is that the Δ17O-normal 
river was a catchment with soil cover that was sufficient to retain atmospheric sulfate input and 
internally cycle this sulfate by reduction and subsequent oxidation, thus removing the oxygen 
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with high Δ17O from SAS and replacing it with Δ17O-normal oxygen from ambient water. There 
is evidence that during processing in soils, SAS deposition sulfate input δ34S values are largely 
retained, the δ18O values are reset.32-34 Moreover, most of atmospheric sulfate input to a stream 
appears to be retained for about 9 years within the basin.15 Thus, we would expect that most 
basins, and in particular, large river basins have sufficient soils or wetlands to receive and retain 
atmospheric sulfate input with the net result of a homogenization of sulfate oxygen isotope 
values towards a soil water oxygen δ18O and Δ17O. This further implies that, with a low direct 
contribution of SAS, that most rivers will not register a Δ17O SAS signal. However, if the 
regional SAS input is high enough then the direct SAS input to a river will be sufficient to raise 
its sulfate Δ17O above that expected for comparable rivers. 
In a small stream with relatively normal sulfate Δ17O (i.e. ~0‰), atmospheric sulfate was 
estimated to be <9%.26 In a different streamwater sulfate study, 35S, which has a half-life of 87 
days, was used to determine the direct contribution of atmospheric sulfate as ≤7%.35 Further 
isotopic constraints used in that study allows for determination of the ratio of direct to total 
atmospheric sulfate flux, which is 7:41 for in that stream. Assuming this ratio being typical, we 
apply it to the Mississippi River sulfate budget (see chapter 2) and use a simple mixing model to 
determine the natural riverine sulfate Δ17O. Two other assumptions used here are that the current 
Mississippi River sulfate Δ17O is already close to what the natural value should be and that this 
natural value should be the same in the Yangtze and Mississippi. The mixing equation is as 
follows: 
Δ17Oriver = (1-f)*Δ17Onat + f*Δ17OSAS   (1) 
Where Δ17Oriver is the modern mean Mississippi River sulfate oxygen-17 isotope composition of 
−0.15 ±0.05‰, f is the maximum fraction of direct SAS in the river which is taken from the 
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reference discussed above to be 7/41 = 0.17 and used with the prior determined Mississippi River 
sulfate budget to find Mississippi River direct atmospheric sulfate contribution of 0.17*0.15 = 
0.03, Δ17Onat is the unknown natural sulfate being solved for here, and Δ17OSAS is the average of 
mean SAS Δ17O from prior studies of 0.58‰.28, 29 Δ17Onat is determined as −0.17 ±0.05‰ and 
used to solve for the direct contribution of SAS to the Yangtze river sulfate budget using the 
same mixing equation (1), where Δ17Oriver is now the modern mean Yangtze River sulfate 
oxygen-17 isotope composition of −0.09 ±0.05‰, f is the fraction of direct SAS in the Yangtze 
river which is being solved for here, Δ17Onat is taken from (1) as −0.17 ±0.05‰, and Δ17OSAS is 
the average of SAS from prior studies of 0.58‰.28, 29 Solving for the direct SAS contribution to 
the Yangtze, f = 0.11 ±0.09, or 11 ±9% of Yangtze riverine sulfate is actually direct and un-
cycled contribution of SAS. 
3.5 Conclusions 
 The Yangtze River basin has a high input of SAS from anthropogenic emissions, and this 
results in ~11% direct SAS in the river, while the rest of the SAS is biologically cycled before 
being released to surface waters. In contrast, the Mississippi River, which peaked in SAS input in 
the early 1970s, has only a ~3% direct contribution of SAS in the present. The difference 
between the Yangtze and Mississippi rivers in their direct contribution of SAS input to the river 
is shown in the different sulfate Δ17O, with the Yangtze reflecting a higher input of SAS that 
raises its sulfate Δ17O. This implies that regional SAS differences can be resolved in the spatially 
and temporally integrated output of rivers.  
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 Stable isotopes of sulfate are merely tools to use for untangling Earth history, and it helps 
to examine extreme cases where the Earth system is being tested. Such extreme cases not only 
include times in the geologic past, but also the human-dominated present. A chief difficulty is 
that the sulfur cycle that we can directly observe today is drastically altered from its natural state. 
Thus, we have to reverse engineer what a natural sulfur cycle would look like. We cannot reverse 
engineer the present natural sulfur cycle and its behavior if we do not yet have the measurements 
to do so. Many of the most significant rivers in the world do not have any sulfate sulfur or 
oxygen isotope data. However, it is not enough to merely take lots of measurements of different 
rivers. Of great benefit would be the luxury of long-term monitoring to determine trends and to 
constrain seasonality. Barring long-term monitoring, if suitable archival riverine sulfate could be 
located in freshwater carbonates or evaporites it would simplify the task of determining the 
natural sulfate sulfur and oxygen isotope composition of rivers. However, this archive may be 
non-existent. Another approach would be to build on work, such as here with the Mississippi 
River, and further constrain sulfate input sources to more fully complete the picture of one river 




SUPPLEMENTAL FOR CHAPTER 1: SEDIMENTARY CONSTRAINTS 
ON THE DURATION OF THE MARINOAN OXYGEN-17 DEPLETION 
(MOSD) EVENT 
 
Table A1. The 17O anomaly (Δ17O) and stratigraphic height of barite (BaSO4) within the 












above base of 
dolostones 
ZB11-118 AA B1 -0.11 12.7 - 30.0 
ZB11-118 C B1 -0.27 - 35.9 31.5 
ZB11-118 E B1 -0.42 15.4 40.5 32.5 
ZB11-118 H B2 -0.53 14.0 29.3 33.0 
ZB11-119 AA in matrix -0.09 12.1 - 36.0 
ZB11-120 A B3 -0.22 15.3 37.5 39.5 
ZB11-120 B B4 -0.24 16.6 37.9 41.0 
ZB11-120 D B5 -0.19 - 35.1 42.5 
ZB11-121 A B6 -0.45 13.9 34 55.0 
ZB11-121 B B7 -0.70 12.3 24.9 58.0 
ZB11-122 - in matrix -0.08 - - 68.0 
ZB11-123 A B8 -0.11 16.0 38.4 80.0 
ZB11-123 B in matrix -0.14 14.5 34.4 80.5 
ZB11-123 DA B9 -0.09 12.7 35.2 81.0 
ZB11-124 B B10 -0.12 15.9 40.6 82.0 
ZB11-124 FA B10 -0.04 13.1 41.9 85.5 
ZB11-124 L B11 -0.11 17.5 39.4 89.0 




Table A2. Carbon isotope composition and stratigraphic height of the dolostone sequence 









Height (cm) above 
base of dolostone  
ZB11-114 AC -1.6 -5.6 2.0 
ZB11-115 AC -1.7 -5.4 8.0 
ZB11-116 AC -1.8 -5.6 22.0 
ZB11-117 AC -2.0 -5.4 28.0 
ZB11-117 BC -1.6 -5.7 29.0 
ZB11-117 CC -1.7 -5.7 29.5 
ZB11-118-2 AC -0.9 -5.1 30.0 
ZB11-118 AC -0.8 -4.9 30.5 
ZB11-118 BC -1.8 -5.6 31.5 
ZB11-118-2 BC -2.2 -5.6 31.5 
ZB11-118 CC -2.4 -5.3 32.5 
ZB11-118 DC -1.4 -4.8 33.0 
ZB11-118-2 CC -2.5 -5.2 34.0 
ZB11-119 AC -2.4 -5.3 36.0 
ZB11-119 BC -2.8 -4.6 38.0 
ZB11-120 AC -2.7 -4.2 39.5 
ZB11-120 BC -1.1 -3.6 41.0 
ZB11-120 CC -0.3 -4.6 42.5 
ZB11-121 AC 2.3 -0.5 55.0 
ZB11-121 BC 2.2 -1.6 58.0 
ZB11-122 AC 2.5 -1.3 65.0 
ZB11-122 BC 2.4 -1.9 68.0 
ZB11-123 AC 2.7 -1.1 80.0 
ZB11-123 BC 2.7 -1.6 80.5 
ZB11-124 AC 3.3 -0.9 87.5 
ZB11-124 BC 2.6 -1.2 87.5 
ZB11-124 CC 3.3 -0.6 87.5 
ZB11-125 AC 2.7 0.1 93.5 
ZB11-125 BC 2.7 -0.4 95.0 
ZB11-126 AC 2.7 -0.1 101.0 
ZB11-127 AC 2.6 -0.3 109.0 






SUPPLEMENTAL FOR CHAPTER 2: LARGE SHIFTS IN THE FLUX 
AND δ34S ISOTOPE COMPOSITION OF SULFATE FROM NORTH 
AMERICA’S LARGEST RIVER  
 
B.1 Model of anthropogenic sulfur emissions soil sulfate release 
 Here we use a model to estimate the proportion of SO42− from anthropogenic sulfur 
emissions in the Mississippi River. Six assumptions for the model include (i) most of the 
Mississippi River atmospheric S deposition is from coal burning, although globally coal may be 
half of anthropogenic emissions,1 (ii) that >90% of United States atmospheric sulfur deposition 
is anthropogenic with the remaining 10% natural, (iii) the CASTNET site at Kansas2 is 
representative of average atmospheric sulfur deposition in the Mississippi River Basin, (iv) after 
the period 1973-1983, with 1983 being the year of peak atmospheric SO42− flux in the 
Mississippi River, SO42− released from soil is 11% of the total soil sulfur pool, a percentage 
observed in a long term study of a small catchment dominated by atmospheric S input,3 (v) total 
US sulfur emissions4 can be used to scale and extrapolate sulfur deposition, that was measured 
over 2002-2012 at the CASTNET Kansas site, back to the year 1850, and (vi) that the previous 
condition of soil SO42− flux to the Mississippi River was in steady-state. The iterative model 
function is:  
Sout,t = (Sreservoir,t−1 + Ain,t − Sout,t−1) × Rt      (1) 
Sout,t is the present year soil SO42− amount released to the Mississippi River, Sreservoir,t−1 is 
the previous year’s total soil SO42− pool, Ain,t is the present year total atmospheric sulfur 
deposition as SO42−, Sout,t−1 is the previous year soil SO42− amount released, and Rt is the ratio of 
SO42− released to the river versus the total soil SO42− reservoir within the river basin. With to the 
assumption of prior steady state for the soil sulfur pool, our model runs only describe the storage 
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and release of the additional atmospheric S which has been contributed by anthropogenic 
activities, not the release of the pre-existing soil sulfur. Because CASTNET measurements of 
atmospheric sulfur deposition are reported in units of kg S ha−1 yr−1, in our model it is easiest to 
express and compare soil SO42− release flux and total Mississippi River flux in the same units. 
B.2 Results 
 Our model runs with different rate histories of S release (Fig. B1) can account for, at the 
reference year 2010, a mean of 14%, out of a range of 14 to 16%, of the total Mississippi River 
SO42− flux. Model run number 8 approximates the shape and timing of the peak of Mississippi 
River SO42− flux that occurs at around 1983. At 2010, model run 8 flux is 15% of total river 
SO42−. By year 2045, all model runs are at <1% of the total river SO42− flux.  
B.3 Discussion 
 The results of model run 8, 15% of Mississippi River SO42− flux for year 2010, was 
chosen to represent the flux of SO42− from S emissions in our Mississippi River SO42− δ34S 
mixing model. Despite the choice of run 8, all the different runs closely converge at 2010. No 
matter the prior history of S storage and release from soil, once a steady rate of release is 
maintained, all models with this same release rate will converge closely after enough elapsed 
time.  
 If the reduction of S emissions continues at its present rate, then by year 2045, our model 
runs account for <1% of Mississippi River SO42−, using the reference year 2010 for total river 
SO42−. Thus, this result could be used to gauge the response of a river system to declining 





Figure B1. Model results, as sulfur flux in kg ha−1 yr−1, for Mississippi River sulfate from soil 
release of anthropogenic atmospheric sulfur deposition. The peaks around 1970-1980 are due to 
implementation of the Clean Air Act, which resulted in sulfur emissions decline. The model runs 
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B.5 Isotope data 
 
Table B1. Mississippi River sulfate sulfur and oxygen isotope, δ34S and δ18O, values from river 
water samples collected 2009-2013. 
 
Date δ34Ssulfate (‰ VCDT) δ18Osulfate (‰ VSMOW) 
3/11/09 -1.2 5.1 
3/18/09 -1.1 4.1 
3/25/09 - 4.3 
4/1/09 -0.7 4.9 
4/15/09 -0.8 4.6 
4/22/09 -1.4 4.9 
4/29/09 -1.0 4.2 
5/7/09 - 4.5 
5/14/09 -1.3 4.4 
5/20/09 - 4.1 
5/27/09 -1.0 3.3 
7/30/09 -2.9 4.1 
8/12/09 -1.6 3.3 
8/19/09 -0.7 2.9 
8/26/09 -2.4 - 
9/2/09 - 4.0 
9/9/09 -1.6 4.8 
9/16/09 -2.2 4.7 
9/23/09 -0.2 6.2 
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9/30/09 -1.6 4.9 
10/7/09 -1.4 6.0 
10/14/09 - 6.8 
10/21/09 -1.3 - 
10/24/09 - 6.5 
10/28/09 - 7.0 
11/4/09 -1.6 5.0 
11/12/09 - 5.3 
11/19/09 -0.7 6.4 
12/2/09 - 6.8 
12/12/09 -0.8 7.9 
1/21/10 -0.5 8.8 
1/27/10 - 7.7 
2/3/10 -1.4 - 
2/11/10 - 5.0 
2/24/10 -0.3 5.2 
3/3/10 - 5.2 
3/10/10 -0.4 5.2 
3/18/10 - 6.0 
3/25/10 -1.6 5.3 
3/31/10 - 4.0 
4/15/10 -2.6 4.7 
4/22/10 - 4.6 
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4/28/10 -2.8 4.3 
5/6/10 - 5.3 
5/14/10 -0.5 4.5 
5/19/10 - - 
5/26/10 -0.4 5.5 
6/2/10 - 4.6 
6/9/10 -2.3 4.5 
7/1/10 -2.5 3.8 
7/8/10 - 4.1 
7/15/10 -4.8 4.0 
7/22/10 - 5.0 
7/29/10 -4.8 4.0 
8/5/10 - 5.0 
8/11/10 -5.1 3.2 
8/26/10 -6.3 3.1 
9/2/10 -5.5 2.6 
9/9/10 -4.8 3.7 
9/16/10 - 4.0 
9/23/10 -4.9 3.3 
9/29/10 - 2.8 
10/7/10 -5.1 3.3 
10/21/10 -6.1 3.7 
11/4/10 - 4.3 
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11/11/10 -5.2 3.6 
11/18/10 - 3.5 
11/24/10 -4.5 3.3 
12/3/10 - 2.8 
12/10/10 -2.1 3.9 
12/20/10 -1.0 2.8 
1/6/11 -2.3 3.6 
1/20/11 -1.8 4.1 
2/3/11 -2.9 4.9 
2/18/11 -1.3 4.4 
3/3/11 -2.9 4.2 
3/18/11 -1.2 4.2 
3/31/11 -1.8 4.3 
4/14/11 -3.6 4.1 
4/28/11 -2.9 3.5 
5/9/11 -3.0 3.8 
5/12/11 -3.2 4.4 
5/15/11 -3.3 3.6 
5/18/11 -3.4 3.8 
5/21/11 -4.1 3.8 
5/24/11 -3.4 3.5 
5/27/11 -4.3 3.7 
6/1/11 -4.5 3.5 
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6/6/11 -4.3 3.4 
6/9/11 -4.2 3.2 
6/13/11 -4.1 3.2 
6/22/11 -5.3 3.0 
7/6/11 -4.6 4.7 
7/13/11 -4.7 3.3 
7/27/11 -5.0 3.2 
8/1/11 -5.2 2.7 
8/17/11 -5.4 2.7 
8/25/11 -4.7 3.9 
8/29/11 -4.7 5.6 
9/1/11 -4.5 2.7 
9/6/11 -4.4 1.7 
9/12/11 -4.1 2.1 
9/16/11 -4.1 1.8 
9/22/11 -3.1 2.6 
9/27/11 -2.9 1.3 
9/30/11 -3.0 1.6 
10/5/11 -2.5 1.3 
10/12/11 -1.7 1.4 
10/19/11 -2.2 2.6 
10/26/11 -1.8 2.4 
11/9/11 -1.2 2.5 
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11/22/11 -2.0 2.3 
12/21/11 -1.5 2.4 
1/11/12 -1.0 2.8 
1/25/12 -1.7 3.1 
2/2/12 -0.7 1.8 
2/14/12 -0.7 0.6 
3/6/12 -1.1 0.6 
3/20/12 - -0.3 
4/3/12 -2.1 1.0 
4/17/12 -2.4 2.2 
5/9/12 -2.2 1.6 
6/14/12 -3.8 0.0 
6/27/12 -4.7 1.1 
7/18/12 -4.8 -3.5 
8/2/12 -3.8 -3.9 
8/8/12 -3.2 -3.9 
8/15/12 -2.4 -3.8 
8/21/12 -3.0 -4.8 
9/18/12 -2.7 -2.4 
10/9/12 -2.2 -1.7 
10/24/12 -1.7 -0.4 
11/14/12 -2.1 -2.3 
12/19/12 -2.6 -3.6 
 67 
1/17/13 -1.3 0.1 
average -2.7 3.3 
minimum -6.3 -4.8 
maximum -0.2 8.8 
 








Figure B2. Mississippi River sulfate concentration (see Chapter 2) comparison 
with US sulfur emissions (Stern, D. I., Global sulfur emissions from 1850 to 2000. 
Chemosphere 2005, 58, (2), 163-175.) and coal production (Bonskowski, R.; 
Watson, W. D.; Freme, F., Coal Production in the United States: An Historical 




SUPPLEMENTAL FOR CHAPTER 3: SIGNIFICANTLY LARGER 
DIRECT CONTRIBUTION OF SECONDARY ATMOSPHERIC SULFATE 
TO THE YANGTZE VERSUS MISSISSIPPI RIVER BASIN REVEALED 
BY RIVERINE SULFATE OXYGEN-17 
 
C.1 Isotope data 







01/06/11 BR 010611 3.6 -2.3 
03/03/11 BR 030311 4.2 -2.9 
04/14/11 BR 041411 4.1 -3.6 
05/27/11 BR 052711 3.7 -4.3 
09/30/11 BR 093011 1.6 -3.0 
10/26/11 BR 102611 2.4 -1.8 
01/11/12 BR 011112 2.8 -1.0 
02/02/12 BR 020212 1.8 -0.7 
03/06/12 BR 030612 0.6 -1.1 
04/17/12 BR 041712 2.2 -2.4 
05/09/12 BR 050912 1.6 -2.2 
06/27/12 BR 062712 1.1 -4.7 
07/18/12 BR 071812 -3.5 -4.8 
08/08/12 BR 080812 -3.9 -3.2 
09/18/12 BR 091812 -2.4 -2.7 
10/09/12 BR 100912 -1.7 -2.2 
12/19/12 BR 121912 -3.6 -2.6 
02/21/13 BR 022113   
 avg 0.9 -2.7 
 stdev 2.8 1.2 
 min -3.9 -4.8 











01/15/11 CJ-1 4.9 8 
01/22/11 CJ-2 5.1 8.4 
01/28/11 CJ-3 5 8.7 
03/19/11 CJ-10 4 8 
03/26/11 CJ-11 5.3 7.6 
04/02/11 CJ-12 4.8 8.2 
05/21/11 CJ-19   
06/04/11 CJ-21 4.3 9.6 
07/09/11 CJ-26 9.3 16.2 
08/13/11 CJ-31   
09/10/11 CJ-35 7.8 13.9 
11/19/11 CJ-45 4.1 10.1 
01/07/12 CJ-1152 9.8 9.8 
10/21/12 CJ-1202 6.8 4.1 
11/18/12 CJ-1206 5.7 3.5 
12/18/12 CJ-1210 6.7 4.9 
01/07/13 CJ-1213  4.1 
03/13/13 CJ-1218 4.2 4.5 
 avg 5.9 8.1 
 stdev 1.9 3.5 
 min 4.0 3.5 
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